Offshore and coastal structures experience wave impact loads particularly due to breaking waves throughout its design period. In the present paper, an experimental program has been devised to improve our perceptive of the physics and the characteristics of impact pressures due to breaking waves on a vertical wall. The salient features of the study such as model details, breaking wave simulation, the impact and dynamic pressure variation along the depth of the wall are presented. The maximum impact pressure magnitude is found to be of the order of ten times that of the non-breaking dynamic pressure and it always occurred above the still water level for different intensities of breaking waves considered. The minimum pressure rise time is observed to be 0.235 ms.
INTRODUCTION
The significance of understanding the phenomenon of wave structure interaction is necessary for optimal design of coastal structures like seawalls, breakwaters, port and harbor structures. Among these structures, a vertical sea front is common which is continuously exposed to severe waves. Wave breaking on a vertical faced coastal structure causes impact which can induce pressures of very high magnitude in a short duration when compared to the pressures exerted by non-breaking waves or broken waves. The air entrapped between the breaking wave and the vertical wall during the breaking process, plays an essential role in the dictating the physical process of impact pressure which is of high intensity (Chan and Melville, 1988) .
There have been many studies in the past on the generation of breaking waves in the laboratory and its impact on a vertical wall fixed at one location (Kirkgoz, 1990) . The relative position of the wall was typically treated as the critical location yielding maximum wave impact. Due to inadequate understanding of the incident wave kinematics, the results merely showed highly impulsive pressures and these were higher than non-breaking forces of an order of magnitude. The impact pressure mechanics was not fully determined due to the significant changes in the intensity of impact pressures for even slightly different incident wave characteristics and the impact occurs over a small fraction of the entire wall. In addition to the above complexities, some of the previous laboratory measurements ( Kirkgoz, 1990) were limited by the inaccurate frequency response of the pressure transducers and the adopted sampling rate for data acquisition. On the other hand, the success of any laboratory study on breaking waves depends to a greater extent on the reproduction of highly repeatable wave breaking in the laboratory. Then only it is possible to have reliability on the measurements and also, it helps to scale the laboratory results to field situations. The simulation of breaking waves has been done by the method of constructive wave-wave interference method which requires systematic tuning to create a good wave packet with repeatable single breaking of various intensities. In the present study, the high frequency response of pressure transducer and higher end data acquisition system are used to overcome such measurement complexities. Oumeraci et al. (1993) and Hattori et al. (1994) reported that the maximum impact pressure occurred at the still water level; however, Kirkgoz (1990) found that it occurred at a higher elevation than the still water level. From the experiments, Hull and Muller (2002) suggested that the elevation of the maximum impact pressure can be varied according to the colliding condition of the breaking. According to Chan and Melville (1988) , the wave impact processes depend mainly on the wall location relative to the wave breaking and, characterize the impact pressures by the colliding condition of breaking waves. Oumeraci et al. (1993) demarcated the impact pressures into four categories namely non-breaking dynamic wave pressure, single sharp-peaked pressure, pressure oscillations with high frequencies and pressure oscillations with low frequencies. However, it is noted that the above demarcation depends on the relative natural frequency of the structure with respect to the impact duration. If both the frequencies are well apart, the persistence time of impact magnitude is of greater importance than the maximum intensity of impact pressure.
The time duration required to reach the maximum intensity of the pressure is called as rise time (t r ). The correlation between the maximum exerted pressure (p max ) on the vertical wall and the rise time (t r ) has been discussed in many studies (Blackmore and Hewson, 1984; Kirkgoz, 1990; Hattori et al., 1994; Bullock et al., 2007) . The general form of the relationship relating the rise time and the maximum pressure is given by,
The values of q and n are based on many factors such as the model scale, the bed slope in front of the wall, the method of breaking wave simulation, type of fluid (whether freshwater or seawater) and data sampling rate. Previous studies (Kirkgoz, 1990 and Chan, 1994) reported that the required pressure sampling frequency was 20 kHz in order to understand the entrapped air dynamics. The values of {q, n} proposed by Kirkgoz (1990) and Hattori et al. (1994) were {20232, −0.82} and {14823, −0.38}, respectively. These measurements pointed out that the lower magnitude impact pressure is associated with the larger pressure impulse which may cause failure to the structure. It was also concluded that the shock impulses per unit area due to impact of breaking waves were constant.
In the present study, the process of breaking wave impact on a vertical wall has been observed in the laboratory. Various relative location of the vertical wall has been considered for a breaking wave and the pressures exerted on the wall have been tapped at various elevation. The relation between the intensity of breaking waves with the resulting impact pressure magnitude has been proposed. The pressure rise time for different intensities of breaking waves is presented and also, correlated with the maximum pressure magnitude.
EXPERIMENTAL INVESTIGATION
A well controlled experimental program has been devised at the 2 m wide and 30 m long wave flume in the Department of Ocean Engineering, Indian Institute of Technology Madras. The wave flume has equipped with a piston type wave maker at one end and a rubble mound beach which acts as a wave absorber at the other end. The water depth in the flume was maintained at 0.8 m throughout the experiments. The water surface elevation was measured with using conductive type wave probes which comprise of two thin, parallel stainless steel electrodes.
Breaking Wave Simulation
The simulation of breaking wave has been achieved by the method of constructive interference of wave components (Chan and Melville, 1988) . Following linear wave theory, the surface displacement of a random wave at any point can be considered as linear superposition of numerous wave components with varying frequencies and amplitudes. The phase difference between different wave components is chosen as random. To concentrate the wave energy at a predefined location and time, the phases of each wave component can be chosen such that the constructive interference of the prescribed wave components would occur. Following the simulation procedure, in the present study, the desired signal to the wave maker was computed by combining 28 sinusoidal wave components with frequency varying from 0.42 Hz to 1.10 Hz. The input parameters to simulate the breaking wave are given in Table 1 . A systematic tuning of the time series by curtailing the trailing free waves in the front and rear of the wave packet has been carried out to avoid the immature breaking and secondary breaking. The location of breaking (x b ) was noted to be 8.2 m from the mean position (x = 0) of the wave paddle. Different intensities of wave breaking ranging from incipient, spilling and plunging were achieved by an overall adjustment (gain) factor. These adjustment factors increase or decrease the overall energy level in the simulated wave packet and thus controls the intensities of wave breaking. The adjustment factors obtained for different intensities of breaking wave and its steepness parameter are given in Table 2 . The maximum adjustment factor corresponds to a strong plunging wave. The measured wave height (H b ) just before the initiation of wave breaking is presented in the above table.
Modeling of vertical wall
The vertical wall model was 2 m wide and 1.2 m high, and made of a flat fiber board of 10 mm thickness attached to a vertical framed structure of mild steel angle of size 50 × 50 × 6 mm with the help of 8 mm countersunk stainless steel bolts and nuts. The angle frame consisted of stiffeners of two angles of same size in between the frame. The frame has L-Shaped bottom projection of length 1.5 m attached with cross bracing to the vertical angle frame to provide more stiffening to the frame. The vertical framed structure has four stainless steel bolts of size 12 mm diameter on both sides of the wall faces to fix the frame against the wall and to avoid the movement of the wall during the wave impact. 
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The dynamic and impact pressures exerted on the wall were measured using 0.5 bar Kistler type underwater pressure transducers. A total of twelve pressure transducers were fixed across the centre of the vertical wall from top to bottom. Six pressure transducers were fixed above the still water level with a centre to centre spacing of 5 cm and one at the still water level. Five transducers were fixed below the still water level. The pressure transducers were fitted in brass adopters and fixed firmly to the vertical wall. The sectional view of the experimental setup is shown in Fig. 1 .
A wave probe was kept along the vertical wall to measure run-up on the wall. In order to observe the nature of the wave impact, the pressure transducers above the water level were sampled at 80 kHz through a 16-bit IOTech wavebook data acquisition system. A reference wave probe (wp2) placed in front of the wall was used to trigger the data acquisition system. The sampling period was 0.5 sec before triggering and 2.5 sec after triggering. The positions of the pressure transducers on the vertical wall are shown in Fig. 2 . The experiments were conducted for various intensities of plunging type of wave breaking and spilling breaking. The intensities within different breaking types were obtained by further fine tuning the adjustment factor which was given as the input to the wave generating system.
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RESULTS AND DISCUSSION
Time series of dynamic wave pressures were measured at various wall elevations above and below the still water level under the action of different intensities of breaking wave. For each type of breaking wave, the tests were repeated by varying the relative location of wall, the position of which was moved across the breaking region from 8.1 m to 8.7 m at a spacing of 10 cm. This is to capture the maximum wave impact on the wall. The maximum impact pressure was obtained for the incidence of strong plunging wave on the wall.
Pressure intensity
The pressures were normalized by ρC 2 where, ρ is the density of water (1000 kg/m 3 ) and C is the characteristic speed of the wave packet. The distance from the wave maker to the point of consideration was normalized with the breaking distance, x b (= 8.2 m) and, the vertical height was normalized with the water depth. The temporal variation of the pressure time history due to strong plunging breaking wave on the vertical wall at various elevations along the depth is plotted in Fig. 3 . It has been noted that the pressure time history has two components: One is associated with the general evolution of the incident wave crest and the second component is due to the entrapped air dynamics. The present experimental observations show that the maximum impact pressure occurred at an elevation of 0.15 m to 0.30 m above the still water level. However, most of the past studies agreed that the maximum impact pressure on the vertical wall due to the strong plunging to spilling wave occurs in the vicinity of the still water level. The maximum impact pressure was recorded in the case of strong plunging while the wall was positioned at the breaking point of 8.2 m from the wave maker. For this case, the maximum impact was sensed at an elevation of +0.25 m above the free surface. The variation of normalized pressure with normalized distance for different types of breaking is presented in Fig. 4 and the vertical distribution of the normalized pressure at various wall elevations for different types of breaking wave is shown in Fig. 5 .
The maximum impact pressure for strong plunging and fine plunging were observed at x/x b = 1. For good plunging (γ = 0.310) and weak plunging (γ = 0.286), the maximum impact occurred at x/x b = 1.012. For moderate plunging ( γ = 0.305) and spilling breaking (γ = 0.279), the maximum impact pressure was observed at x/x b = 1.024. It is to be noted that the definition of various intensities of breaking wave is only qualitative without carrying any significance and only, the wave steepness parameter defines the energy level present in the wave packet before the wave breaks. The vertical distribution of the maximum pressures implied that the maximum impact occurs at the colliding point of the wave crest tip. The intensity of pressures below and above the impact region decreases rapidly with the distance from the point of impact. The maximum impact pressures were observed at an elevation, z/d = 0.3125 for strong plunging, fine plunging good plunging and moderate plunging and z/d = 0.25 for weak plunging, spilling breaking and incipient wave.
The variation of the maximum pressure ( p max ) for different intensities of breaking with the wave steepness parameter is shown in Fig. 6 . It is found from the present experiment that the maximum impact pressure is of the order of 2.5 to 10 times of the non-breaking wave induced static pressure (ρgH b ). A linear fit to the pressure variation leads to Eq. (2).
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Pressure Rise time
The impact pressure time history shows a sharp increase in the exerted pressure corresponding to a maximum value ( p max ) immediately after the impingement of the breaking wave on the face of the vertical wall. The maximum exerted pressure, p max is plotted with respect to the pressure rise time t r and is shown in Fig. 7 . The distribution of maximum value of the pressure measurements corresponding to the breaking wave impingement shows two modes of hydrodynamic pressure exertion on the wall. The understanding of the mode of pressure exertion is important to analyze for the structure response. The first mode shows single peak impact and the second mode shows a rise in the pressure level with damped oscillation. When the wave breaks, it entrains large volume of air. If the entrapped amount of air is more, then it lowers the peak pressure by an increase of the rising time duration of the impact due to cushion effect of entrapped air. It is noted that the single peak impact pressure has pressure rise time less than 20 ms which is nearly 16 times less rise time for the evolution of the maximum dynamic pressure (i.e., T c /4). The pressure rise time (t r ) for the maximum impact pressure (p max ) of 39.6 kPa exerted by the strong plunging (γ = 0.323) was about 0.25 ms (≈ 0.00019 T c ). But the minimum pressure rise time by considering all intensities of breaking wave was found to be 0.235 ms (≈ 0.00018 Tc) for the good plunging (γ = 0.310) wave. It is also important to note that the maximum impact occurred at z/d = +0.3125 which is above the still water level. For strong and good plunging, the minimum rise time has been observed during the maximum impact while the wall was placed at the breaking location (x/x b = 1). But in the case of fine plunging (γ = 0.318), the minimum rise time of 0.563 ms has been observed while the wall was placed at the downstream of the breaking point (x/x b = 1.037) and the maximum impact occurred at an elevation of z/d = + 0.250. The minimum pressure rise time was observed at an elevation of z/d = +0.3125 for all breaking events except for fine plunging (γ = 0.318). In the cases of moderate (γ = 0.305) and weak plunging (γ = 0.286), there was a shift in the position of occurrence of minimum pressure rise time in the horizontal direction. For spilling, the maximum impact pressure occurred at a lower elevation than plunging cases since the breaking wave height was lower than for the plungers. The pressure rise time corresponding to maximum pressure for spilling breaking event is 33 ms.
Figs. 8a-b show the horizontal and vertical distribution of the pressure rise time for different intensities of breaking events. In both the plots, the pressure rise time (t r ) is normalized with the characteristic wave period (T c ). The pressure rise time is increasing with decrease in the intensity of impact pressure when moving away from the breaking point. The variation of the pressure impulse with the rise time is plotted in the Fig. 9 and is expressed using the following relation.
The plot reveals that the pressure impulse increases with the rise time and the shock impulse due to the impact of a particular breaking event is constant. It implies that the increase in the rise time leads Kirkgoz (1990) and Hattori et al. (1994) to lower the duration of the existence of the maximum pressure and vice versa. Hence, if the rise time is higher, the structure has to be designed by taking into account the maximum intensity of the pressure. Fig. 10 shows the comparison of Eq. (3) with the best fit (power) of pressure rise time from the experimental studies of Kirkgoz (1990) and Hattori et al. (1994) .
CONCLUSIONS
The salient aspects of experimental program on breaking wave impact on vertical wall type structures such as model details, the maximum intensity of the impact pressure and the pressure rise time are presented in this paper. The maximum impact pressure is found to occur above the still water level for the different intensities of breaking waves ranging from spilling to plunging. An empirical relation between the maximum impact pressure and breaking wave steepness is proposed in this study. The pressure rise time is found to be proportional to the pressure impulse and the parameters for the power law fit are derived. The entrapped air between the vertical wall and the wave plays a dominant role in the physics of impact such as intensity and the rise time. The maximum impact pressure intensity is of the order of 2.5 to 10 times the non-breaking dynamic pressure intensity.
